Delayed luminescence is the phenomenon of long-lived emission of light by living plants and cyanobacteria after being illuminated with light and put into darkness. This study presents uses of this phenomenon as a tool for monitoring the chlorophyll a concentration in phytoplankton. The luminescence method was used on natural phytoplankton from the surface waters in tributaries supplying Lake Miedwie and compared with the commonly used spectrophotometric method of determining chlorophyll a concentrations.
INTRODUCTION
Phytoplankton obtains the energy essential for its development from photosynthesis. However, a part of the absorbed energy of photons (from 0.5% to 5%) of photosynthetically active radiation is lost through the luminescence of chlorophyll a (Chl a) emitted by the photosynthetic apparatus. Although the amount of the energy lost in luminescence is not substantial, the luminescence itself is of great importance (Jursinic 1986 , Brzóstowicz 2001 .
The luminescence accompanying photosynthesis, in terms of mechanisms of emission, may be divided into fluorescence recorded during the illuminating of the photosynthetic apparatus and delayed luminescence (DL) recorded in darkness up to a few minutes after the apparatus has stopped being illuminated (Jursinic 1986 , Brzóstowicz 2001 . Fluorescence is the evidence of the loss of the energy of photons absorbed by a photosynthetic pigment system at the photophysical stage of photosynthesis, whereas DL is connected with the imperfection (occurring in the photosynthetic apparatus) of the conversion of the absorbed photons' energy into chemical energy (Jursinic 1986 , Brzóstowicz 2001 .
DL signal emission, as distinct from fluorescence, may occur only from particles of Chl a in a photosynthetic apparatus which enables the primary reactions of photosynthesis (Jursinic 1986 ). Because of this, it was possible to undertake research on fast luminescence methods of determining some properties of phytoplankton connected with photosynthetically active algae cells, including Chl a concentration (Krause et al. 1982 , Krause and Gerchardt 1984 , Prokowski et al. 1985 , Wiltshire et al. 1998 , Yacobi et al. 1998 , Murkowski and Prokowski 2003 , Istvánovics et al. 2005 .
Working out these methods will make the monitoring of surface water quality easier, and it will allow the assessment of the dynamics of the processes occurring in water ecosystems threatened by eutrophication (Prokowski et al. 1985 , Murkowski and Prokowski 2003 , Istvánovics et al. 2005 .
The main difficulty in the use of DL in determining Chl a concentration is the conditioning of the measurement results by the species composition of phytoplankton tested, and its development conditions. These factors mean that the value of the IDL/Chl a ratio depends, among other things, on the place, depth, and time of sampling (Prokowski et al. 1985 , Wiltshire et al. 1998 , Yacobi et al. 1998 , Istvánovics et al. 2005 .
The results of some investigations indicate that it may be possible to limit the influence of harmful conditions on the result of luminescence-based measurements of Chl a concentration by recording the DL intensity of phytoplankton at a certain time after excitation for samples incubating in stable thermal and light conditions (Prokowski et al. 1985; Murkowski, Prokowski 45 2003) . The blocking of electron transport in the photosynthetic apparatus of phytoplankton by using a diuron herbicidal urea may be another limiting factor (Prokowski et al. 1985, Murkowski and Prokowski 2003) .
The goal of the present research was to determine the relationship between IDL and Chl a concentration. The IDL was recorded within the time range from 1 to 2 seconds after the end of illuminating the natural phytoplankton that had been subjected to short-time incubation in stable light and termal conditions, both with and without a photosynthesis inhibitor.
MATERIALS AND METHODS
Research was carried out in a sequence of two adjacent vegetation seasons on natural phytoplankton from the surface waters in tributaries supplying Lake Miedwie: Miedwinka, the drain near Kunów, Gowienica, Ostrawa, and the inflow and outflow of the River Płonia into/from Lake Miedwie. The phytoplankton was sampled every month in containers of 5 dm 3 each. It was taken from surface waters. The samples were examined in a laboratory in order to determine Chl a concentration in the phytoplankton and to record its DL intensity.
In order to determine Chl a concentration, samples of 1 dm 3 were filtered on Whatman GF/F filters and extracted in 90% acetone. Then the sample was subjected to centrifuging. Concentration of Chl a was determined with the spectrophotometric method (Lorenzen 1967) .
The samples for luminescence measurement were prepared by putting 25 cm 3 of a phytoplankton sample into crystallizers of 60 cm 3 . The crystallizers with the algae were incubated for 10 minutes at a temperature of 25ºC in white incandescent light at a photon flux density of 1 μmol(PAR) m -2 s -1 . The crystallizers were measured cells at the same time. In the case of measurements with a photosynthesis inhibitor, 0.5 cm 3 of diuron solution at a concentration of 2 10 -5 M was added into the crystallizer that contained a phytoplankton sample prior to luminescence measurement.
Delayed luminescence of the phytoplankton was recorded with the use of a measuring set developed by Murkowski and Prokowski (2003) . DL intensity of the phytoplankton was recorded within the time range of 1 to 2 seconds after the end of 2 seconds of illumination in white incandescent light at a photon flux density of 75 μmol(PAR) m -2 s -1 . All measurements were performed on five duplicate samples.
RESULTS AND DISCUSSION
In previous research into the dependence of IDL on Chl a concentration in photosynthetically active algae cells, an integrated DL fading signal was assumed for DL intensity value (Krause et al. 1982 , Krause and Gerhardt 1984 , Wiltshire et al. 1998 , Yacobi et al. 1998 , Istvánovics et al. 2005 . This signal reflects the course of all processes occurring in the photosynthetic apparatus after light absorption (Jursinic 1986) . Results of research conducted on algal monocultures clearly demonstrated that the integrated DL signal is linearly related to Chl a concentration over five orders of magnitude (Krause and Gerhardt 1984) . However, in the case of natural phytoplankton, the integrated DL signal co-varied with chlorophyll concentration within samples collected from different depths at the same sampling date. Consequently, most experimental data shows a strong linear correlation between Chl a concentration and the DL signal, but the average ratio of integrated DL signal to Chl a concentration (IDL/Chl a) varies among samples collected at different periods (Yacobi et al. 1998 , Istvánovics et al. 2005 .
In order to limit the impact of external conditions on IDL, only this part of the DL fading signal (from 1 to 2 seconds) was recorded which connects with the redox state of the first stable acceptor of electrons in the photosystem II of the photosynthetic apparatus -Q A (Jursinic 1986 ).
The results of the research conducted on the phytoplankton sampled from the streams supplying Lake Miedwie over two vegetation seasons show no significant differences between IDL/Chl a ratio in terms of the place of sampling or of the time of sampling (in these conditions of IDL recording). Significant statistical differences in IDL/Chl a ratio were observed only between the samples treated with diuron and those that were not so treated. Thus, for the whole period of the research, it was possible to determine two linear relationships between IDL and Chl a concentration of the phytoplankton samples treated with diuron and those not treated with it (Fig. 1) .
Analysis of the data in Fig. 1 shows that, for the recording of IDL connected with the redox state of the acceptor Q A , for both the natural phytoplankton samples with a photosynthesis inhibitor and without it, there is a strong and statistically significant linear relationship (P<0.001) between IDL and Chl a concentration. Adding the photosynthesis inhibitor to the natural phytoplankton before luminescence measurements increases, though insignificantly, the correlation coefficient for the studied linear relationship. The absence of a significant reaction of correlation coefficients to the addition of the photosynthesis inhibitor to the natural phytoplankton samples, before luminescence measurements, may be evidence of the fact that algae incubation, in certain conditions prior to taking luminescence measurements, sufficiently limited the influence of most external conditions on the luminescence result of Chl a concentration measurements.
The results of the measurements show that recording the IDL of the phytoplankton samples, incubated at a stable temperature and illuminated in light of low intensity, may be suitable for quickly determining Chl a concentration in photosynthetically active phytoplankton. The concentration of Chl a derived from DL data agreed well with the results of conventional chlorophyll measurements (Fig. 2) . However, in the standard method small phytoplankton cells may pass by glass fiber filters in filtration time, lowering the estimated concentration of Chl a. In contrast to this, the DL method is inherently free of such interference. Thus, the luminescence method may overestimate the results for Chl a concentration in waters containing small phytoplankton cells. This effect may explain the discrepancy between the DL method and extractive measurement of Chl a, especially for the Miedwinka and Gowienica rivers. The discrepancy between the DF technique and traditional methods occurs for waters containing degradation products and dead cells. In this case, the DL method may underestimate the Chl a content of the tested water. This effect may explain important differences between the results obtained by both methods for the outflow of the River Płonia, differences that were observed in the first season's research.
Results of the research carried out within two adjacent vegetation seasons also show that the discussed method, as distinct from other methods of testing luminescence to determine Chl a concentration (Wiltshire et al. 1998 , Yacobi et al. 1998 , Istvánovics et al. 2005 , does not demand frequent and troublesome calibration of the luminescence results obtained, with the use of a standard method of determining pigment concentration. For its advantages and specific demands, the presented luminescence method of determining Chl a concentration may be of wide ranging use in hydrobiology. It may be applied to algal tests of seawater, as well as of inland water, in quality assessment and ecological monitoring. The results of the research may be also used to improve the accuracy of other luminescence methods, which apply continuous recording IDL to research into phytoplankton in inland waters, as well as in seawaters (Krause and Gerhardt 1984 , Wiltshire et al. 1998 , Yacobi et al. 1998 , Istvánovics et al. 2005 . Continuous recording makes possible the automatic determination of changes in phytoplankton biomass. Such automatic assessment may make hydrobiological tests in situ easier. It may also rationalize the monitoring of surface water quality, as well as the prognosis of its eutrophication.
